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A wheat (Triticum aestivum L.) immature spike culture system was used to expeditiously 
generate mutations for use in wheat improvement programs. Wheat immature spikes in cul-
ture were treated with three concentrations of ethylmethane sulphonate (EMS) to generate a 
spike culture derived variant (SCDV) population. EMS in a concentration dependent manner 
affected seed development in wheat immature spike cultures. Based on the number of seeds 
produced, inclusion of EMS (25 mM) for three hours in immature spike culture medium 
generated variants in wheat cv. AC Nanda. The wheat AC Nanda SCDV population showed 
variation in several phenotypic characters. Flag leaf (length, angle and sheath length), length 
of first and second internode, spike length, number of spikes, number of seeds per spike and 
seed weight, showed variation below and above the non-treated controls. A molecular 
screening technique combining simple sequence repeat (SSR) oligonucleotide primers with 
high resolution melt (HRM) PCR with EvaGreen was used to identify the variants. Screening 
for starch branching enzyme IIb (SbeIIb) revealed 75 lines with point mutations. Combining 
SSR and SbeIIb, a total of 100 Kbp portion of wheat DNA was screened. The estimated 
mutation frequency in SbeIIb was one per 20.8 Kbp. The spike culture system utilizes very 
small amounts of EMS for a brief period, thus needs minimal handling of EMS and saves 
one generation of plant growth in a greenhouse. The morphological variants observed are 
similar to those reported for seed-derived variants using EMS.
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Introduction
The success of crop improvement through breeding is dependent on new sources of vari-
ation in desirable traits for incorporation into new cultivars. However, dwindling variabil-
ity within existing germplasm has become a major impediment to expedite breeding ef-
forts to enhance agronomic performance and improve grain quality (Chibbar et al. 2007; 
Jansson et al. 2007). Chemical mutagenesis has been used to generate variability to com-
plement breeding programs and also to help in basic research in functional genomics re-
search in a forward genetic approach. Mutation breeding practiced since the 1930s has 
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made a tremendous impact on crop improvement. The mutant varieties database of the 
IAEA/FAO lists over 3000 varieties of plants released as a result of mutagenesis (http://
mvgs.iaea.org/). Chemical mutagenesis has resulted in 349 varieties including 38 varie-
ties each of wheat and barley, that were either directly released as varieties or the mutated 
germplasm was incorporated into breeding programs for subsequent release as varieties 
(http://mvgs.iaea.org/). However, the mutation generation process based on seed mu-
tagenesis is resource-demanding, time-consuming and generates numerous wasteful mu-
tants. For example, depending on the concentration of a mutagen such as ethylmethane 
sulphonate (EMS), many lethal mutants may be generated, precluding identification of 
useful mutant phenotypes. With currently available high-throughput genomics resources, 
it is now possible to rapidly screen for desired mutations for rapid incorporation into 
breeding programs. The targeting induced local lesions in genomes (TILLING) (McCal-
lum et al. 2000a; Till et al. 2003) has been used to identify useful variants in wheat. In 
addition, the possibility of high-throughput screening for mutation by high resolution 
melt (HRM) analysis (Ririe et al. 1997) further expedites identification of mutations for 
traits where variability has been limiting. More recently exon-capture methods have been 
used for identification of mutations (Henry et al. 2014; King et al. 2015), adding to the 
repertoire for mutation screening. 
Although high throughput methods to screen mutant lines are available, the challenge 
still remains the generation of manageable useful mutants in wheat. We recently devel-
oped a versatile cereal spike culture system for studying grain development (Ganeshan et 
al. 2010) and cadmium accumulation in grains (Ganeshan et al. 2011). In this report spike 
culture has been used to expeditiously develop wheat variant populations. The conven-
tional mutagenesis approach uses seeds as starting material and the plants (M1) are grown, 
seeds are collected and grown from individual heads for subsequent molecular analysis of 
M2 plants, with the M3 seeds catalogued for future use. Compared to the conventional 
seed mutagenesis, the inclusion of mutagenic agent like EMS in the spike culture system 
prior to occurrence of anthesis (Fig. 1a) increases the likelihood of the germ-line cells 
being mutated and leading to more mutation events in the developing seeds. In wheat 
TILLING populations have been developed (Slade et al. 2005; Dong et al. 2009; Uauy et 
al. 2009), and used to identify variations in waxy gene (Slade et al. 2005), starch synthase 
IIa (Hogg et al. 2013), waxy and starch synthase II (Sestili et al. 2010), rust and powdery 
mildew resistance (Campbell et al. 2012), and other morphological traits (Dhaliwal et al. 
2015). Due to the seed mutagenesis being laborious and requiring large volumes of mu-
tagen solution, a simple and rapid alternative would be valuable to expedite crop im-
provement. For example, to treat 300–350 wheat seeds, 100 mL of EMS was used (Dong 
et al. 2009; Chen et al. 2012). Furthermore, due to concerns such as disposal and exposure 
with handling of chemical mutagens, the immature spike culture system reduces such 
risks due to minimal volumes of mutagenic agent required per spike.
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Materials and Methods
Plant growth, mutagen treatment and spike culture establishment
The soft white spring wheat (Triticum aestivum L.) cv. AC Nanda (Sadasivaiah et al. 
2000) was used for mutation generation in immature spikes. Plants were grown in a 
growth chamber in pots containing Redi-earth (W.R. Grace & Co. of Canada, Ontario, 
Canada) at 23 °C/16 h light (350 µmol m–2 s–2 PPFD) and 19 °C/8 h dark. Plants were 
fertilized every three weeks with slow release fertilizer, Nutricote™-14-14-14:N-P-K 
(Plant Products Co. Ltd., Brampton, ON, Canada). 
For spike culture establishment, immature spikes were cut above the soil surface when 
awns started to emerge from the leaf sheath. All the leaves and flag leaves were removed 
(Fig. 1a). The sheaths were left intact and undisturbed. Excised spikes were placed in 
tubes containing 2 mL of culture medium supplemented with ethyl methanesulphonate 
(EMS) (Sigma-Aldrich, ON, Canada). Three EMS concentrations (10, 25 and 50 mM) 
were used in the culture medium to treat three immature spikes for each concentration for 
three hours. The spikes were then transferred to spike culture medium without EMS. The 
spikes were transferred to fresh culture medium every four days, after excising a few mil-
limeters to a centimeter from their bases. Thus, during the course of an experiment, spike 
length was reduced. Furthermore, if browning of the peduncular tissues occurred in the 
medium, these were promptly excised. The culture medium (pH 6.2) consisted of 50 g L–1 
sucrose and 0.4 g L–1 L-glutamine, buffered with 0.5 g L–1 morpholino ethane sulfonic 
acid (as per Ganeshan et al. 2007). The spikes were allowed to develop to maturity (Gane-
shan et al. 2010). Seeds (M0) were collected and planted (M1 plants). Six thousand M1 
seeds were obtained and constituted the SCDV population. Sixty seeds were randomly 
selected from the SCDV lot and planted, 55 of which produced M2 plants. 
DNA isolation and high resolution melt (HRM) curve analysis
DNA was isolated from leaf tissues using the PureLink® Genomic DNA extraction kit 
(Life Technologies, Inc., Burlington, ON) as per the manufacturer’s instructions. For 
HRM analysis, 100 ng of DNA was used with 2X MeltDoctor™ HRM Master Mix (Ap-
plied Biosystems, Inc., Burlington, ON, Canada) containing 300 nM of the respective 
primers in a total volume of 20 μL. The amplification was performed using a 7500 Fast 
real-time PCR system with HRM capability (Applied Biosystems, Inc., Burlington, ON, 
Canada). Simple sequence repeats (SSR) primers as well as primers specific to the SbeI-
Ib gene were used to screen for variants within the amplified regions (Table S1*). SSR 
and SbeIIb specific amplification conditions were as follows: 95 °C/1 min; (95 °C/10 s, 
55 °C/ 1 min) × 40, followed by high resolution melt curve from 95 °C to 60 °C, at 1% 
ramp rate.
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Results
Variant population establishment 
The in vitro spike culture system utilized 2 mL of culture medium (Ganeshan et al. 2010), 
and its supplementation with 10, 25 and 50 mM EMS for 3 h prior to anthesis (Fig. 1a) 
was used to generate mutants. The selected concentrations of EMS were based on concen-
trations used for wheat seed mutagenesis. The duration of treatment was previously opti-
Figure 1. EMS treatment of wheat and growth of progeny derived from grains of EMS treated spikes. (a) 
Immature spikes prior to anthesis in culture medium containing different concentrations of EMS; (b) EMS 
treated spikes cultured to maturity; (c) M2 plant showing only two tillers; (d) Variant line heading after 45 days 
compared to wild-type control plant; (e) Wild-type spike (left) compared to extended head (right) from a vari-
ant line
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mized using fluorescent dye uptake studies (data not shown), which showed that dye 
reached the top-most wheat spikelets in 3 h. Longer exposures (> 5 h) to the EMS using 
the spike culture led to empty caryopses, indicating toxicity. After 3 h of EMS treatment 
the spikes were transferred to spike culture medium without EMS and allowed to develop 
to maturity (Ganeshan et al. 2010). Each spike, depending on EMS concentration used, 
produced 10 to 20 viable seeds compared to 20 to 30 seeds in a non-treated control spike 
in culture. The EMS concentration affected seed production in a dose dependent manner. 
The number of M1 seeds obtained with 10, 25 and 50 mM EMS were 3851, 2492 and 324, 
respectively. This showed that the higher concentration of EMS, as would be expected, is 
lethal, with reduced seed set. The intermediate concentration of 25 mM EMS was found 
to be optimal. 
Morphological traits
M1 and M2 plants have exhibited a range of phenotypes from dwarf to late heading to 
extended heads (Fig. 1b–e). To determine if the EMS treatment adversely affected certain 
morphological characteristics, flag leaf length, flag leaf sheath length, flag leaf angle, 
length of first internode, length of second internode, number of seeds per spike, weight of 
seeds per spike and number of spikes on M2 plants were measured.
Extreme variations were observed for some of the traits. The flag leaf length, for ex-
ample, ranged from 7.2 to 25.3 cm, with the control plant intermediate at 17.4 cm 
(Fig. S1). Variation in the flag leaf angle was also apparent ranging from 12 to 61.5°, with 
the wild-type flag leaf angle at 26.3° (Fig. S1). Interestingly, most of the variants had 
greater flag leaf angle than the wild-type. On the other hand, flag leaf sheath length 
showed less variability and only three variants were comparable to the wild-type 
(Fig. S1). 
Variation in parameters such as the spike (ear) length, lengths of first internode (from 
bottom of spike) and second internode was also observed (Fig. S2). Only four variants 
showed second internode length (11.4–12.4) shorter than the wild-type (13 cm), the re-
maining were longer, with the longest at 20 cm (Fig. S2). However, with the first inter-
node, most of the variants were shorter (7.9–19.1 cm) than the wild-type (19.2 cm), with 
the maximum length being 26.5 cm. Distribution of the spike length was similar to the 
wild-type (9.7 cm), with the shortest at 7.2 cm and the longest at 15.7 cm (Fig. S2). 
Two other traits, number of seeds per spike and weight of seeds per spike, were also 
recorded (Fig. S3). The number of seeds per spike was highly variable, with some vari-
ants showing very low seed set. While the wild-type had an average of 42 seeds per 
spike, several variants had higher seed set, with a maximum at 50 seeds (Fig. S3). The 
weight of seeds per spike for the wild-type was intermediate with respect to the variants 
at 1.2 g. Due to the low seed set in some of the variants, seed weight in the low range 
was rather skewed. However, in the high range the maximum seed weight was at 2 g 
(Fig. S3).
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HRM analysis of variants 
Fifty-five wheat variants were assessed using the 7500 Fast real-time PCR system with 
HRM capability (Applied Biosystems, Inc.) for mutations in coding regions of SbeIIb. 
We initially targeted the starch branching enzyme IIb (SbeIIb) gene, since the genomic 
DNA sequence of wheat gene is available and primers could be designed to span only the 
exon regions. Furthermore, to-date there are no known naturally occurring mutations for 
the SbeIIb gene in wheat. By RNAi transgenic silencing strategies, it has been shown that 
the down-regulation of both SbeIIa and SbeIIb led increased resistant starch (i.e., 70% 
amylose) in wheat (Regina et al. 2006). After screening three exon regions (exons 3, 9 and 
10), we identified several mutations. 
To establish a mutation frequency, we analyzed genomic DNA from the selected mu-
tant lines with SSR markers using HRM (Fig. S4a) allowing detection of single nucleo-
tide polymorphisms (SNP). Screening of SSR primers indicated variations in the mutant 
lines (Fig. S4a). Similarly, mutations in the gene coding for the wheat SbeIIb was also 
screened by HRM and 2× EvaGreen master mix (Fig. S4b). The variant lines assessed 
using HRM for mutations in SbeIIb coding regions were DNA sequenced to verify muta-
tion occurrence (Fig. S4c and d). After screening three exon regions (exons 3, 9 and 10), 
we identified 75 point mutations. Upon sequencing the amplified fragments from such 
lines, two fragments showed mutation events in the exons. Combining the SSR and SbeI-
Ib screening and DNA sequencing of a total of 99,660 bp, the mutation frequency in the 
screened SbeIIb regions was estimated at one mutation per 20.8 Kbp. 
Discussion
The new strategy of using immature wheat spike cultures to induce EMS mutations is a 
simple, rapid and safer alternative to generate mutants from seeds. In vitro spike cultures 
treated with EMS (25 mM) were able to generate adequate number of viable seeds. The 
EMS concentration (25 mM) concurs with the recently reported EMS seed mutagenesis 
in wheat (Dhaliwal et al. 2015). The population derived from the strategy developed in 
this study was called spike culture derived variant population (SCDV). The study pro-
vided proof-of-concept for such a strategy and we have used this approach to mutagenesis 
to develop durum wheat and barley variant populations (data not shown). 
Correlation analysis of several morphological traits among the different SCDV lines 
revealed several interesting observations (Table 1, Figs S2–S4). The flag leaf length and 
the flag leaf angle were not correlated. However, the flag leaf sheath length and flag leaf 
length was significantly correlated (p < 0.001). Similarly, it was surprising that the flag 
leaf angle was not correlated with the seed weight per spike (Fig. S2), since it is known 
that erect flag leaf contributes to increased grain filling (Simon 1999). Nonetheless, it has 
to be pointed out that fewer variants with acute leaf angles were observed and among 
those many negatively affected seed weight or number due to reduced tillers, as reflected 
by few main tiller-bearing spikes (Fig. S3). There is one variant line of interest, 2C-3, 
which had acute flag leaf angle, but comparable to wild-type flag leaf length and flag leaf 
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sheath length, and had higher seed weight and seed number per spike than the wild-type. 
Furthermore, line 2C-3 had 10 spikes compared to 15 for the wild-type. Both internode 
lengths (Fig. S3), flag leaf length and flag leaf sheath length were significantly correlated 
(p < 0.001). The number of seed per spike and weight of seeds per spike were also signifi-
cantly (p < 0.001) correlated to flag leaf length, flag leaf sheath length, spike length, and 
lengths of internodes. Of interest was the higher degree of correlation between the num-
ber of seeds per spike and the seed weight per spike with the first internode length than 
with the second internode. These findings concur with those reported for EMS-mutagen-
ized wheat seeds (Dhaliwal et al. 2015). The data from sub-samples of the SCDV indicate 
a wide range of variability of morphological traits. The SCDV can be used to further 
characterize some of these variants and mining genes conferring the traits of interest.
Molecular characterization of SCDV
Methods for variant analysis include denaturing HPLC (McCallum et al. 2000a; b) and 
CelI digestion of heteroduplexes (Colbert et al. 2001). While the latter approach increased 
the throughput for screening including pooling DNA samples from individual plants 
Table 1. Pearson correlation among traits measured in some variants of the SCDV population
Flag leaf 
length
Flag leaf 
angle 
Flag leaf 
sheath 
length
Spike 
length 
Length 1st 
internode
Length 2nd 
internode
Number of 
seeds per 
spike
Flag leaf angle –0.114
p-value 0.138
Flag leaf sheath 
length 0.494 –0.056
p-value 0.000 0.465
Spike length 0.085 0.088 0.199
p-value 0.267 0.251 0.008
Length 1st internode 0.415 –0.048 0.449 0.094
p-value 0.000 0.531 0.000 0.214
Length 2nd internode 0.321 –0.107 0.427 –0.003 0.315
p-value 0.000 0.162 0.000 0.968 0.000
Number of seeds per 
spike 0.377 –0.027 0.343 0.343 0.46 0.274
p-value 0.000 0.725 0.000 0.000 0.000 0.000
Weight of seeds per 
spike 0.319 0.034 0.296 0.326 0.444 0.287 0.862
p-value 0.000 0.659 0.000 0.000 0.000 0.000 0.000
546 GaneShan and ChibbaR: Wheat Spike Culture-derived Variants
Cereal Research Communications 45, 2017
(Colbert et al. 2001), the CelI-based screening was expensive it is less effective to iden-
tify mutations in genes with many small exons separated by large introns (Parry et al. 
2009). More recently, alternative approaches using HRM (Ririe et al. 1997) and gel-based 
systems (Dong et al. 2009) have been demonstrated to be effective and less expensive. 
The presence of one mutation per 20.8 Kbp in SbeIIb is higher than reported for the waxy 
genes mutation in wheat seed mutagenesis, where one mutation per 24 Kbp was reported 
(Slade et al. 2005). Using a similar HRM screening approach on seed-derived EMS pop-
ulations of wheat, based on SNP sequencing a mutation frequency of one per 40 Kbp was 
detected in wheat SbeIIa (Botticella et al. 2011).
In conclusion, the strategy produced limited number of wasteful mutants and the man-
ageable size of the SCDV lines enabled expeditious screening for mutations in genes of 
interest. In combination with HRM screening and sequencing strategies a large number of 
variants could be assessed as early as the M2 generation. With the recent demonstration of 
the mutation scanning approach in wheat using exon capture and next-generation se-
quencing (King et al. 2015), the detection of mutant events in the spike culture-derived 
variant population will be further expedited.
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